The presence of paroxysmal nocturnal hemoglobinuria clones in the setting of aplastic anemia or myelodysplastic syndrome has been shown to have prognostic and therapeutic implications. However, the status of paroxysmal nocturnal hemoglobinuria clones in various categories of myelodysplastic syndrome and in other bone marrow disorders is not well-studied.
Introduction
Classic paroxysmal nocturnal hemoglobinuria (PNH) is an acquired hemolytic anemia characterized by an increased number of cells with deficiency of glycosylphosphatidylinositol (GPI)-anchored membrane proteins as a result hematopoietic progenitor cells with a phosphatidlyinositol glycan complementation group A (PIG-A) gene mutation. 1 A small population of blood cells deficient in GPI-anchored proteins can be present in patients with bone marrow failure who show no clinical or laboratory signs of hemolysis. 2, 3 The presence of such small populations of cells deficient in GPIanchored proteins in the setting of aplastic anemia or myelodysplastic syndromes (MDS) has been shown to have important prognostic and therapeutic implications, [4] [5] [6] [7] and the International PNH Group 8 has, therefore, defined the association of PNH clones in aplastic anemia and MDS as subclinical PNH.
In classic PNH, CD55 and CD59 are the most relevant GPI-anchored proteins, since their deficiency leads to an increased sensitivity of PNH red cells to complement-mediated intravascular hemolysis. 1, 9 In subclinical PNH, however, even in the presence of a somatic mutation of the PIG-A gene in some of the hematopoietic stem cells and their progeny, 10 ,11 the intrinsic abnormality is not conferred to the PIG-A-mutated cells, but represents a clonal expansion of PNH-phenotype cells related to immune-mediated destruction of stem cells 12 or a growth advantage in an unfavorable bone marrow microenvironment. 13 In screening for PNH clones in subclinical PNH granulocytes are the preferred cell population for analysis because of their short half life and less interference from prior red-cell transfusions. 5, 8, [14] [15] [16] In addition to CD55 and CD59, CD16, CD24, and/ CD66b have also been found to be useful in analyzing granulocytes. 6, 17, 18 Clinical studies of subclinical PNH in association with MDS have been conducted predominantly on patients diagnosed as having refractory anemia (RA) according to the French-British-American (FAB) classification of MDS. The presence of PNH clones in different categories of MDS has only been reported in a limited number of studies, 5, 19, 20 and the conclusions have been contradictory. Iwanaga et al. 20 and Wang et al. 5 found that cells with a PNH-phenotype (PNH + ) were only present in patients with RA (according to the FAB definition), but not in patients with other subtypes of MDS. Wang et al. 5 also found that the RA patients with a detectable PNH + clone had a more indolent clinical course as compared with PNH-negative RA patients. In contrast, Kaiafa et al. 19 recently reported that PNH + cells were significantly more pronounced in high-grade MDS, such as refractory anemia with excess blasts (RAEB), RAEB in transformation (RAEB-t) and chronic myelomonocytic anemia (CMML). They concluded that the presence of a higher level of PNH + cells in MDS predicted a poor clinical outcome.
In this study, we assessed the presence of PNH + granulocytes in 136 patients diagnosed with various categories of MDS and related bone marrow intrinsic disorders by using a highly sensitive flow cytometry (FCM) immunophenotyping assay to test for the expression of multiple GPI-anchored proteins and by performing an aerolysin lysis confirmatory test in representative cases. We describe the clinicopathological characteristics of the subclinical PNH cases as well as the diagnostic caveats and pitfalls in screening for PNH clones in patients with MDS and other bone marrow disorders.
Design and Methods

Patients and samples
Peripheral blood samples were collected over a 1-year period (December 2005 to December 2006) from patients who were referred to UMass Memorial Medical Center because of a recent diagnosis or differential diagnosis of MDS. The PNH test was requested by treating clinicians according to their clinical protocols. None of the patients had been previously treated with cytotoxic or other experimental drugs. All patients included in this study had a bone marrow aspirate and biopsy performed at UMass at the same time as the PNH tests were performed. The bone marrow samples were submitted for morphological evaluation, FCM immunophenotyping and cytogenetic analysis. Peripheral blood smears were obtained from all cases for review. All MDS patients enrolled at UMass were treated by the same group of hematologists. The treatment modalities included transfusion of blood products, administration of growth factors, administration of Food and Drug Administration (FDA)-approved drugs for MDS, such as azacitidine, decitabine, lenalidomide, and experimental protocols using a variety of agents such as thalidomide, arsenic trioxide, lintizumab, and tipifarnib. Immune suppressive therapy, such as antithymocyte globulin and cyclosporine, was not included in the protocols.
Peripheral blood samples obtained from 30 healthy adult donors were also analyzed for test validation, and one healthy control was included in each test run.
Morphological evaluation and disease classification
Morphological evaluation was performed independently by at least two hematopathologists in accordance with WHO criteria. 21 For each individual case, routine hematoxylin and eosin stained histological sections of bone marrow biopsy and clot specimens and well-prepared Wright-Giemsa-stained aspirate smears were evaluated, and a differential count of 500 bone marrow nucleated cells was performed based on aspirate smears. Perls' reaction for iron was performed on bone marrow aspirates and a silver impregnation stain for reticulin was performed on the bone marrow biopsy samples, if necessary. To define morphological dysplasia strictly, the features of dyserythropoiesis, dysgranulopoiesis and dysmegakaryopoiesis had to be present in at least 10% of cells of the respective lineage. The diagnosis of acute myeloid leukemia (AML) was made based on a blast count of greater or equal than 20% in the bone marrow and/or peripheral blood. Peripheral blood smears were reviewed in all cases and a manual differential count of 200 cells was performed when immature cells were present.
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Four-color flow cytometric immunophenotypic analysis
For all specimens, four-color FCM was performed on Coulter FC-500 instruments with all antibodies purchased from Beckman Coulter (BC) (Hialeah, FL, USA). Red blood cells were lysed with buffered ammonium chloride and the remaining cells were washed once with phosphate-buffered saline-bovine serum albumin (PBS-BSA)-azide, and re-suspended to the desired cell concentration in PBS-BSA. One hundred microliters of the cell suspension (5×10 5 to 1×10 6 cells) were then incubated with appropriate amounts of titrated antibodies for 15 min at room temperature in the dark, washed once with PBS-BSA-azide, and resuspended in 0.1% paraformaldehyde. The instrument alignments, sensitivities, and spectral compensation were verified daily by standards, calibrators, procedural controls and normal peripheral blood samples prior to processing the patients' samples.
Bone marrow samples
Bone marrow aspirate samples were analyzed using antibody panels designed to diagnose MDS and related bone marrow intrinsic diseases and to rule out a lymphoproliferative process, as published previously. 22 In brief, the bone marrow samples were analyzed for aberrant antigenic expression or altered expression in blasts, differentiating myeloid cells and monocytes according to our previously published protocol and analytic approaches. 22 The FCM results were correlated with the morphological and cytogenetic findings to render a final diagnosis and disease classification. In cases of AML, expression of myeloperoxidase, Tdt, cytoplasmic CD22, and cytoplasmic CD3 was assessed. None of the cases included in this study showed monoclonal B cells or abnormal T cells indicative of a lymphoproliferative process.
Paroxysmal nocturnal hemoglobinuria assay
Peripheral blood granulocytes were the primary cell population chosen for the detection of cells with a PNH + phenotype. The combinations of monoclonal antibodies used were as follows: FITC-CD59(clone P282E)/PE-CD55(clone JS11KSC2.3) /ECD-CD45/PC5-CD15 (clone 80H5); and FITC-CD66b(clone 80H3)/PE-CD16 (clone 3G8)/ECD-CD45/PC5-CD15(clone 80H5). It should be noted that, CD16 (3G8) reacts to both FcgammaRIII A and B isoforms.
A total of 100,000 granulocytes were collected. The gating strategy is shown in Figure 1A . In brief, the granulocytes were initially identified on the basis of the CD45/SSC plot ( Figure 1A-left) , further defined by CD15/SSC ( Figure 1A For this study we required at least ten cells in a cluster to define a positive clone. The sensivity of the FCM assay was, therefore, 0.01%.
Aerolysin assay
Aerolysin, a toxin produced by Aeromonas hydrophilia which induces cell death by binding to GPI-anchored proteins in the cell membrane, is a product of preaerolysin (Protox Biotech, Victoria, Canada) after trypsin digestion. 23 To verify the PNH + cells detected by FCM, peripheral blood samples were incubated with pre-aerolysin (10 -8 M) for 1 hour at 37°C after lysing erythrocytes with ammonium chloride. Following incubation cells were washed, centrifuged, resuspended in PBS-BSA and stained for antibodies to GPI-anchored 
Cytogenetic analysis
Conventional cytogenetic analysis was performed by G-banding on all bone marrow aspirate specimens cultured overnight and for 24 hours. At least 20 or all available metaphases were analyzed. The criteria defined by the International System for Human Cytogenetic Nomenclature were used for the identification and reporting of clonal abnormalities.
Statistical analysis
The Mann-Whitney test was used for numerical comparisons between two groups. Survival data were calculated using the Kaplan-Meier method. The follow-up time was calculated from the time of diagnosis until death or the patients' last visit. Data were considered statistically significant when the p value was lower or equal than 0.05 in a two-tailed t test.
Results
Patients' characteristics and disease categorization
During 1-year period, FCM PNH analysis was performed on peripheral blood samples collected from a total of 136 patients with a clinically suspected diagnosis of MDS. The patients' clinical and cytogenetic data according to disease classification are shown in Table 1 . The final diagnosis of the 136 patients was MDS (n=110), myelodyspastic/myeloproliferative disease (MDS/MPD) (n=15), chronic idiopathic myelofibrosis (CIMF) (n=5), and AML (n=6). None of the MDS patients had a prior history of chemotherapy or radiation treatment and they were all considered to have primary MDS. Seventy-four MDS patients (67%) had lower than 5% bone marrow blasts and were classified as having low-grade disease; 26 patients had greater or equal than 5% blasts and were classified as having RAEB (13 RAEB-1 and 13 RAEB-2). The MDS/MPD group included five cases of CMML (4 CMML-1 and 1 CMML-2), three cases of atypical chronic myelogenous leukemia (CML), one RARS with marked thrombocytosis, and six cases of MDS/MPD-unclassifiable. Five CIMF and six AML patients were also tested for PNH because of a clinical differential diagnosis of MDS. Four of the AML cases were considered as AML with multilineage dysplasia, possibly evolved from a pre-exisiting MDS, one was a case of erythroleukemia, and one was a case of AML with differentiation. The AML patients showed 23 to 81% blasts in the bone marrow and one patient had blasts in the peripheral blood.
Detection of cells with a paroxysmal nocturnal hemoglobinuria phenotype
None of the peripheral blood samples obtained from 30 healthy donors showed ten cells in a cluster that was double-negative for CD55/CD59 or CD16/CD66b cells by the FCM assay, and all of these donors were, therefore, considered to be negative for PNH-cells. PNH + granulocytes were detected in nine patients, all of whom had low-grade MDS with less than 5% blasts; these PNH + cases comprised 1/5 (20%) patients with 5q-syndrome, 6/17 (35%) patients with RA, and 2/37 (5%) patients with refractory cytopenia with multilineage dysplasia (RCMD) ( Table 2 We compared the clinical data and patients' demographic information of the PNH + cases to those of their appropriate counterparts, the MDS cases with lower than 5% blasts and without PNH + cells (Table 3) . Demographically, both groups of patients were of comparable age and demonstrated a slight male predominance. Clinically, the hematologic indices, including absolute neutrophil count, platelet count, mean corpuscular volume and reticulocyte count, showed no statistically significant differences between these two groups. However, the disease classification differed (p=0.009). The PNH + MDS patients comprised 35% of the cases of RA, 5% of RCMD and 20% of 5q-syndrome, but none of the cases of RARS, RCMD-RS or MDS-U. Furthermore, the PNH + MDS patients demonstrated a significantly lower bone marrow cellularity (mean 37% vs. 59%, p=0.017), and a lower number of bone marrow 
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GPI-anchored protein alteration related to the underlying intrinsic bone marrow diseases: the diagnostic pitfalls and caveats
Difficulty in separating granulocytes from monocytes
Decreased SSC of granulocytes (hypogranulation) or decreased CD45 expression of monocytes or both were observed in 32/136 (24%) cases, resulting in significant overlap between granulocytes and monocytes on the CD45/SSC plot ( Figure 2A3 ). Decreased CD15 expression on granulocytes was seen in 34/136 (25%) patients, while increased CD15 expression on monocytes was observed in 41/136 (30%) cases. As a result, it became difficult to separate granulocytes from monocytes even by using a three-step gating strategy including CD45/SSC, CD15/SSC, and FS/SSC ( Figure 2A3 Figure 2A2 ). CD59 single antigen loss/low expression (mean: 0.67%; range, 0.13% to 2.34%) without concomitant CD55 or CD16/CD66b loss ( Figure 2A1 ) was observed in nine patients (7%), in whom the altered CD59 expression was not observed in red blood cells (data not shown). In some cases, the CD59 low/negative cells were traced Cases were confirmed by susceptibility to aerolysin lysis. Figure 2 . Examples of immunophenotypic alterations associated with the underlying bone marrow disease: diagnostic pitfalls and caveats. Case 10-refractory anemia with excess blasts-1: 1.02% CD59 negative (A1) and 2.03% CD16-negative/CD66b-negative (A2) cells were detected, which were back-traced to the monocyte region on the CD45/SSC plot (A3) and showed a low level of CD15 expression (A4). Case 15-chronic idiopathic myelofibrosis: 12.29% CD55 low/negative cells were detected (B1) which were CD16 low (B2) and CD45 low (B3), corresponding to myeloid cells of intermediate maturation. In all cases illustrated above, the granulocytes were susceptible to aerolysin lysis and were not true PNH + cells (C1 and C2). These CD15  + CD16  -CD66b  -cells and  CD15   +   CD59 -cells were susceptible to aerolysin lysis (a total of six cases tested); the results are presented in Table 4 (cases 9, 10, and 15) and ( Figure 2C1 and 2C2) . Decreased CD16 and/or an increased CD66b expression on granulocytes was observed in 18 (13%) and 11 (8%) cases, respectively; these cells did not, however, form a distinct CD16 -
CD66b
-population ( Figure 2B2 ).
Alteration of GPI-anchored protein expression is related to myeloid immaturity
Peripheral blood smears from 61 of the 136 (44.9%) patients showed the presence of immature myeloid forms (metamyelocytes, myelocytes, promyelocytes, blasts) ( Table 4) . On FCM analysis, CD55 loss/low expression (mean 2.90%; range, 0.10% to 12.29%) without concomitant CD59 and/or CD16/CD66b loss was observed in 16 (12%) patients, 14 (88%) of whom had immature myeloid cells in the peripheral blood ( Table 4 ). The presence of CD55 -cells detected by FCM was significantly correlated with the presence of immature myeloid cells (p<0.0001). Furthermore, we demonstrated that CD55 low/negative granulocytes were CD16 low ( Figure 2B1 ) and CD45 low ( Figure 2B3 ) further indicating immaturity. These CD55 -cells were also susceptible to aerolysin lysis ( Figure 2C1 ). It is noteworthy that the detection of CD59 low/negative cells did not correlate with the presence of peripheral immature myeloid cells (p=0.73).
Discussion
In this study, we utilized a highly sensitive FCM assay to assess for PNH clones in 136 patients with various bone marrow diseases, including MDS (n=110), MDS/MPD (n=15), CIMF (n=5) and AML (n=6). We compared the clinicopathological characteristics of PNH + cases with their PNH-negative counterparts. We compared the sensitivity and specificity of CD15 
CD66b
-in detecting cells with a PNH phenotype. We also illustrated in detail the diagnostic caveats and pitfalls in screening for PNH clones in the setting of an intrinsic bone marrow disease.
We detected a PNH + clone in nine patients who represented 8% of the 110 MDS cases and 12% (9/75) of the MDS cases with lower than 5% blasts. The PNH + MDS cases comprised six patients with RA, two with RCMD and one with 5q-syndrome. As compared to PNH-negative MDS cases with lower than 5% blasts, the PNH + MDS cases showed a different distribution of WHO MDS classification in that most of the cases were RA and there were no cases of RARS, RCMD-RS, or MDS-U. These results are in agreement with those reported by Iwanaga et al. and Wang et al. 5, 20 who found that PNH + clones were present exclusively in RA patients. Although in these earlier studies RA defined by FAB criteria probably included several different WHO categories, Wang et al. 5 reported significantly less granulocytic dysplasia in their PNH + MDS patients. In addition, we also observed that the bone marrow cellularity and blast percentage in PNH + MDS patients were significantly lower than those in the PNH-negative MDS patients. With a median follow-up of 19 months, two patients had died as a result of bone marrow failure, and none of the patients had undergone AML transformation. The above findings indicate that the presence of PNH + cells in MDS patients may not be related to the preleukemic nature of MDS, but more to bone marrow failure, similar to aplastic anemia. It is known that in some cases of moderate aplastic anemia, the distribution of the bone marrow hematopoietic elements may be heterogeneous, and a biopsy taken from residual hematopoietic nests can reveal a normal or even a hypercellular bone marrow. 24 Nakao et al. 25 considered most of these PNH + RA cases as moderate aplastic anemia misclassified as MDS because of normocellularity or hypercellularity. In our series, the six PNH + MDS cases showed only erythroid dysplasia that may have been a non-specific/secondary alteration. However, three patients did show morphological dysplasia beyond the erythroid lineage. One of these cases had the 5q-syndrome, a well-defined MDS entity. Therefore, although we acknowledge some similarity between PNH + MDS and aplastic anemia, our findings also indicate the existence of a real association between a PNH clone and MDS.
In this study we utilized four GPI-anchored proteins, CD55, CD59, CD16 and CD66b, to screen for granulocytes with a PNH phenotype. While the combination of CD55/CD59 has been used most frequently by others, 5, 15, 19, 20 the combination of CD16/CD66b was also shown by Dunn et al. 6 to effectively identify patients with subclinical PNH (aplastic anemia and RA) with a better response to immunosuppressive therapy. In our study, although the combinations of CD15 with CD55/CD59 and CD15 with CD66b/CD16 were both effective in detecting PNH + granulocytes, CD16/CD66b detected a larger and more distinctive PNH + granulocytic population, with the added advantage of clearly separating neutrophils from eosinophils.
It is well known that in MDS bone marrow, myeloid cells frequently show an altered immunophenotype, and the detection of these immunophenotypic aberrancies by FCM has been utilized in both the diagnosis and risk stratification of MDS. 22, [26] [27] [28] It is also known that the peripheral blood of MDS patients often contains hypogranular neutrophils and/or immature myeloid cells. Although the immunophenotypic aberrancies in myeloid cells may be less pronounced in the peripheral blood than in the bone marrow, Cheiran et al. 29, 30 were able to demonstrate significant immunophenotypic alterations in MDS peripheral blood granulocytes, as compared to healthy controls. In our study, we observed a number of changes related to the underlying intrinsic bone marrow diseases, which could produce potential pitfalls and necessitate caveats when screening patients with subclinical PNH. First, we show that the altered SSC characteristics of the hypogranular neutrophils and decreased CD45 expression of immature monocytes can lead to significant overlap between granulocytes and monocytes on the CD45/SSC plot. This problem may be further complicated by decreased CD15 expression on granulocytes and substantially increased CD15 expression on mononcytes, an alteration often observed in MDS bone marrow cells. 22 Although our stringent three-step gating strategy showed greater utility in separating granulocytes from monocytes as compared to the CD15/SSC and FSC/SSC two-step gating recommended by others, 8 in some cases, especially the cases with severe granulocytic dysplasia and/or CMML, a small number of monocytes were inseparable from granulocytes and were included in the granulocyte gate. Monocytes have a CD16 -CD66b -immunophenotype and can be mistaken for cells with a PNH + phenotype. We observed, however, that these monocytes showed a different level of expression of CD16, and could be differentiated from PNH + cells by FCM back-tracking and confirmed by aerolysin lysis (performed, in our study, in a total of six cases). Another potential problem with granulocyte analysis is the presence of immature myeloid forms in MDS or other intrinsic bone marrow diseases. It has been shown that the expression of GPI-anchored proteins varies throughout neutrophil and monocyte maturation. 17, 31, 32 The level of CD55 expression is low in early myeloid precursors until the intermediate stages of maturation, and increases in bands and granulocytes. The expression of CD16 is detectable on metamyelocytes, reaching highest levels on bands/mature neutrophils. Conversely, the expression of CD66b reaches its highest level on myelocytes, but decreases thereafter with maturation. We observed that CD55 loss/low expression alone was significantly correlated with immature myeloid cells in the peripheral blood, confirmed by FCM back-tracking and these cells' susceptibility to aerolysin lysis (cases 9 and 15). Decreased CD16 and increased CD66b expression was also observed in a substantial number of cases, similar to that described by Cherian et al. 30 Because of the paradoxical alterations of CD16 and CD66b expression levels, the CD16 -
-combination did not cause diagnostic difficulties and, instead, showed its advantage over CD55/CD59 in such a setting. We also observed some cells with CD59 single antigen loss/low expression in the granulocyte gate that were susceptible to aerolysin lysis (case 10). The presence of cells with CD59 loss/low expression was not related to immature myeloid cells in the peripheral blood, a finding in keeping with the observation by Hernandez-Campo et al. that there is no significant change in CD59 expression throughout myeloid maturation. 31 We back-traced the cells with CD59 loss/low expression and found, at least in some cases, that these cells clustered in the junction between monocytes and granulocytes ( Figure 2A3 ). It is noteworthy that monocytes often exhibit significantly dimmer expression of CD59 than granulocytes, 17 , were more prominent in CMML or RAEB in their series 19 and concluded that the detection of large numbers of PNH + cells was associated with a poor prognosis. Although the observation that significant alterations of CD55 or CD59 may be linked to a poor prognosis in MDS/CMML is an interesting finding, it is also possible that the dysplastic/immaturity-related findings were misinterpreted as PNH + cells. Laboratories performing PNH testing in the setting of an intrinsic bone marrow disease must be aware of these issues. The development of the GPI anchor protein-specific reagent fluorescent aerolysin (FLAER) 33 is promising, as it is reportedly less influenced by the maturation-dependent levels of expression of some of the individual GPI-linked antigens; however, its clinical validity in detecting subclinical PNH needs to be studied and verified.
In summary, subclinical PNH in association with MDS and other bone marrow diseases is infrequent. In this study, subclinical PNH cases were identified exclusively in the low-grade MDS category (but not including RARS or RCMD-RS), with many features of a bone marrow failure similar to that of aplastic anemia. Alterations of GPI-anchored proteins can be associated with granulocytic/monocytic dysplasia and immaturity, and should not be misinterpreted as cells with a true PNH phenotype. We agree with the recommendation of the International PNH Group that screening for subclinical PNH requires quantification of at least two GPIanchored proteins. Laboratories that perform PNH testing in MDS patients should be cognizant of the diagnostic pitfalls and caveats associated with dysplasia and immaturity in granulocytes and monocytes to ensure diagnostic accuracy.
